A nucleon-pair shell model was proposed in 1993 by J. Q. Chen. Due to the success of the interacting boson model, the full shell model space in the nucleon-pair shell model was truncated to SD-pair subspace, called SD-pair shell model. Within this model, the experimental spectra in medium-weight and heavy nuclei, limiting cases in the interacting boson model, phase transitions, etc. can be reproduced approximately.
Introduction
The discovery of collective motions, such as collective vibration, collective rotation, giant resonances, etc. in nuclei is of great significance. The shell model contains all the nucleonic degrees of freedom and can, in principle, account for any of these collective phenomena. Therefore, description of nuclear collective motions in terms of the shell model is a challenge in nuclear structure theory. But even in relatively simple cases of the medium weight and heavy nuclei, shell model configurations are around 10
14 -10 18 and modern computers fail for all these cases. Therefore, if we want to use the shell model methods to study the medium weight and heavy nuclei, realistic truncations of the model space must be found.
In the past decades, many attempts were made along this direction. Based on the generalized Wick theorem for fermion clusters, 1 a nucleon-pair shell model(NPSM) has been proposed for nuclear collective motion in which collective nucleon pairs with various angular momenta serve as the building blocks.
2,3
One advantage of the NPSM is that it allows various truncation schemes ranging from the truncation to the SD-pair subspace up to the full shell-model space. The tremendous success of the interacting boson model 4 has suggested a possible truncation, the truncation to the SD-pair subspace with SD collective nucleonpairs as the building blocks.
5,6 Therefore we truncated the full shell-model space for medium and heavy mass nuclei to the collective SD-pair subspace in the NPSM, called the SD-pair shell model (SDPSM).
7
Our previous work and Zhao's work show that the collectivity of low-lying states can be described reasonably well within the SDPSM. [7] [8] [9] [10] [11] [12] [13] [16] [17] [18] [19] Problems, such as the nuclear phase transition, limiting cases of the IBM, validity of the pseudo-spin, etc. were also discussed. In this paper, we concentrate on what we studied by using this model. The model will be described in Sec. 2, the application to study Xe isotopes, the limiting cases of the IBM and the phase transition will be given in Sec. 3, 4 and 5, respectively. Finally, a brief summary will be presented.
A Brief Review of the SD-Pair Shell Model
In the SDPSM, a Hamiltonian we used consists of the single-particle energy term H 0 , and a residual interaction containing the multipole pairing between like nucleons and the multipole-multipole interaction between all nucleons,
The overlap between two states with N fermion-pair is the key quantity, since all the one-and two-body matrix elements, or the matrix elements of the pair creation operator and the multipole operator can be expressed in terms of the overlap. The overlap between two states with N fermion-pair is
whereĴ = √ 2J + 1, H k (s N ) are essentially Racah coefficients, induced by various re-coupling procedures, ψ k is a constant coming from the annihilation of the pair A r k † by A sN , and thus depends on the structure of these two pairs, while r i represents a new collective pair B r i † resulting from a double-process. First the pair A sN transforms the pair A r k † into a particle-hole pair P t with angular momentum t, which then propagates forward, crosses over the pairs r k−1 , · · · , r i+1 , and finally transforms the pair A ri † into the new pair B r i † = A ri † , P t r i , with a new distribution function y (a k a i r i ) depending on the structure of all the three pairs A r k † , A ri †
and A sN † , and the intermediate quantum numbers
The right side of Eq. (9) is a linear combination of the overlap for N -1 pairs, therefore the overlap can be calculated recursively. The details of the model can be found in Refs. 2, 3, 7.
Spectra of Even-Even Xe Nuclei
To investigate whether the SDPSM can account for the main feature of the lowlying states, even-even Mo(Kr), Xe(Ba) and Pt isotopes in 28-50, 50-82 and 82-128 shells were studied, respectively. The Hamiltonian adopted was
where V SDI (σ), σ = π(ν), is the surface delta interaction between like nucleons. The collective pairs were taken from the 0 + 1 and 2 + 1 eigenstates of the Hamiltonian H 0 (σ)−V SDI (σ) in two-particle system. 7 As an example, the results for Xe nuclei in 50-82 shell are presented here. The single particle energy levels are given in Table 1 , and the parameters obtained by fitting the spectra are listed in Table 2 .
The calculated spectra for low-lying states are given in Fig. 1 . It is seen that the experiments can be reproduced very well. The results for the other isotopes can be found in Refs. 8, 14-20. 
The Limiting Cases of the IBM
The SDPSM is built from SD pairs, it is interesting to study whether the SDPSM can reproduce the vibrational, rotational, and γ-unstable spectra corresponding to those of U(5), SU(3), and SO(6) limits of the IBM. A simple introduction is given here, the details can be found in Refs. 12, 13.
Vibrational limit
To investigate whether the vibrational spectra can be reproduced within the SDPSM, the proton-neutron coupled system with 2π-2ν pair was studied. The S pair was obtained by the BCS method, while D pair was obtained by using the commutator,
250 Y.-A. Luo et al. Fig. 2 . The vibrational spectra of the SDPSM. Some relative B(E2) ratios are also shown with the effective charges fixed at eπ = 1.5e and eν = 0.5e.
The single-particle energies for proton, given in Table 1 , were used in both proton and neutron sectors. The pairing interaction strengths for proton and neutron were assumed to be the same with G π = G ν ∼ = G = 0.3MeV, κ π = κ ν = 0 and κ = 0.01M eV /r 
γ-unstable limit
To see whether the γ-unstable spectra can be realized in the SDPSM, protonneutron coupled system with 3 protons and 3 neutron-holes in the 50-82 shell was considered. The single-particle energies and the SD pairs structure were taken to be the same as those used in the vibrational limit. The parameters we used were G π = G ν ∼ = G = 0.2 MeV, κ π = κ ν = 0 and κ = −0.06 MeV/r 4 0 . As shown in Fig. 3 , the level patterns of the γ-unstable spectra for the SO π (6) ⊗ SO ν (6) symmetry in the IBM-II 4 were well reproduced. Figure 3 also show that the E2 transitional ratio is also close to those of the O(6) limit in the IBM. 
Rotational limit
To investigate whether the rotational limit of the IBM can be realized within the SDPSM, a pure quadrupole-quadrupole interaction with κ π = κ ν = 1 2 κ was used in the 3π-3ν pair system of the gds shell. The S-pair structure coefficient was fixed by y(aa0) = a ( like-nucleon pairs, and the D-pair was still determined by commutator (11) . With the quadrupole-quadrupole interaction strength fixed as κ = 0.1MeV/r clear, as shown in Ref. 23 , that the rotational level pattern can be reproduced very well in the SDPSM. 4 
Phase Transition in the SDPSM
Since the SDPSM is built up from SD pairs, it is expected that the SDPSM can reproduce similar transitional patterns to those of the IBM. Two transitional patterns, vibration-rotation and vibration-γ unstable, were studied in the SDPSM. As an example, the vibration-rotation transitional pattern is discussed in the following. The details can be found in Refs. 21, 22. In order to study the vibration-rotation transitional patterns, an identical nucleon system with N = 4 in the N = 9 oscillator shell was considered. A schematic Hamiltonian was adopted as follows.
where α is the control parameter 0 ≤ α ≤ 1. The parameters G and κ were fixed as 0. . Some low-lying energy levels across the transitional region, where α = 0 corresponds to the axially deformed shape with a rotational spectra and α = 1 to the spherical shape with vibrational spectra.
Pseudo-Spin Transformation in the SDPSM
To study the effect of the pseudo-spin transformation on the SDPSM, a Hamiltonian as Eq. (12) was considered and the interaction strengths were set to be G = 0.14 MeV and κ = 0.08 MeV. The case we studied has N = 4 pairs in the 1h 9/2 2f 7/2 2f 5/2 3p 3/2 3p 1/2 (denoted by h 9/2 fp) valence space, the original space. It is noted that the 1h 11/2 level which is a part of the full hf p shell was taken to be a defector, i.e., the 1h 11/2 level was considered to be part of the core.
Under the pseudo-spin transformation, the Hamiltonian was transformed tõ
with the modified strength of the quadrupole interaction κ ≈ 0.11 MeV and the pairing interaction remained G = 0.14 MeV since the pairing interaction is invariant under pseudo-spin transformation. The original model space was transformed into a 1g 9/2 1g 7/2 2d 5/2 2d 3/2 3s 1/2 valence space (or full gds shell), the pseudo-spintransformed space which is the space on which the new SD pairs were constructed.
Results for H are shown in Fig. 6 (b) andH in Fig. 6(c) . Generally speaking, the spectra in the transformed space follows that in the original space with slightly lower values at higher energy towards the quadrupole limit. The details can be found in Ref. 27 .
In the same model, we also studied other problems, the details can be found in Refs. 9, 11, 28-30. . Energy levels (in MeV): (a) in the SU 3 limit; (b) as they vary with the parameter strength α in the h 9/2 fp-shell; (c) the pseudo-spin-transformed counterpart of (b), namely as they vary with the parameter strength α in the gds-shell; and (d) in the quasi-spin SU 2 limit.
Summary
In summary, the SDPSM was applied to study the collective motion in low-lying states of medium-heavy nuclei. A number of more general questions, e.g., whether the SDPSM can reproduce the limiting cases in the IBM, were investigated. Our work showed that the SDPSM reproduces the experimental data reasonably. The limiting cases and phase transitions in the IBM are also reproduced.
